In Vichada state, Colombia, the lack of suitable construction road materials has forced the local authorities to use local materials, such as laterites, that has not been yet completely studied, and doesn't comply with the current regulations for road construction. In this research, the improvement of the mechanical behaviour of a lateritic material from Vichada state was determined, after the addition of a hydrophobic compound (organosilane). Basic mechanical and chemical characterization of the natural material was carried out. The grain seize distribution was manufactured for each tests, to guarantee homogeneity for all the samples. Properties such as maximum dry density, unsoaked and soaked CBR, permeability coefficient (k) and soil water characteristics curves were investigated for the natural soil (RP1) and compared with the stabilized soil with the addition of 1 l/m 3 organosilane (RP1OS). Tests of unsoaked and soaked CBR were compared within the natural soil (RP1) and the stabilized soil (RP1OS), the stabilized soil (RP1OS) achieved 533% higher soaked CBR values. Likewise, there was a decrease on the k permeability coefficient of 41% with respect to the natural material.
Introduction
The state of Vichada is located at the so called east savanna in Colombia, where there is great deficiency in road infrastructure. Being a flat grassland, suitable construction granular materials that comply with the Colombian norm requirements are not easily found, which has been a constant problem in the whole region, increasing transportation costs, with zones where suitable materials have to be transported over 200km. Additionally this Colombian state has been stricken by the internal war in Colombia, and their lands have been used for illicit uses and plantations for the last years (Gobernación del Vichada & Ministerio de Justicia, 2015) , which has forced local authorities to restrict the use of some compounds and supplies used to fabricate drugs, such as lime and cement, which are also frequently used to stabilize soils. For this reason, the state is obliged to find a local material and alternative stabilization solutions and characterize them in order to obtain a mixture material with proper mechanical behaviour and resistance to the climate conditions in the region.
The Vichada state has large quantities of lateritic soils, a material that has been used all over the world as an aggregate to construct granular bases of pavement structures and granular material for the asphalt layer. This material is visually composed of red or orange irregular crusts that appear over the surface forming small hills. The laterite is a product of the tropical weathering that produces in general three important effects: the initial material is enriched with aluminium and iron oxide and hydroxide, the mineral component of clay is mainly composed of kaolinite and the silica content is highly reduced (AFCAP, 2014) . The laterite is the result of physical and chemical weathering process, which occurs under very special conditions of precipitation and high temperature, as are present in the region. According to the IDEAM (meteorological institute of Colombia), in Vichada state there is a mean annual precipitation of 2166 mm, relative mean humidity of 70% and mean temperature of 28.2°C (IDEAM, 2005) .
The term laterite has been used globally to describe a great number of materials that are rich in iron, thus generating problems to properly characterize their use for road construction. Through the years, various authors (AFCAP, 2014; Grace, 2017; Paige-Green & Overby, 2010; Paige-Green et al., 2015) have tried to characterize the general properties of laterite material:, nevertheless, due to their chemical variation, this has not been achieved (AFCAP, 2014) and thus laterite has to be studied locally in each case. To mention some of the differences, (Emeka & Emeka, 2015) studied four laterite deposits in Nigeria, where different geotechnical and chemical properties were found, as shown in Table 1 . (Emeka & Emeka, 2015) Test The presence of lateritic materials in tropical and sub-tropical countries such as Brazil, Kenya and South Africa, has generated an important increase in its use as a material for low traffic roads (Amaral, 2004; Biswal et al, 2016; Joel & Agbede, 2011; Moizinho, 2007; Paige-Green & Overby, 2010; Paige-Green et al, 2015) . Nevertheless, the specifications for road materials are frequently developed in countries that do not have this kind of materials, and thus such materials are excluded from use in most of them. However, its use, durability and good performance has been demonstrated in Brazil, Kenya, South Africa and Botswana, among other countries. (Grace, 2017; Paige-Green & Overby, 2010) .
Considering the high availability of laterite in the Vichada region and the almost non-existent availability of conventional granular materials, this material has been used to build the road infrastructure in the region. Nonetheless, during the rainy season the region suffers high precipitation and the laterite roads become impassable and the region remains almost uncommunicated from the rest of the country. Therefore, it has become necessary to characterize and stabilize the local soil in the region.
For the Colombian case, the material has not been deeply studied, nevertheless, some researchers (CEIBA, Universidad Nacional de Colombia, & Universidad de los Andes, 2015; Toll, 2015) have found that the material has a deterioration in its mechanical properties, when it has contact with water. The objective of this paper is to analyse the mechanical performance of the natural laterite material, named RP1, and the same material with the addition of a waterproofing compound (organosilane). For this reason, the hydric and mechanical behaviour under water exposure was tested.
Materials

Organosilane
The stabilizer-waterproofing solution was an organosilane compound. Silanes are compounds that contain monomeric silicon structures, and when there is at least one silicon-carbon link (SI-C) they are known as organosilanes (Fritzsche et al., 2014; Materne et al, 2012) .
The applications of the organosilanes or the nano-organosilanes (named as such for the size of their particles), are widely known and applied in different fields of engineering and chemistry. They are used as catalysts and in solar cells, synthesisers and conducting polymers, among others (Fritzsche et al., 2014 ).
However, recently the possible applications of organosilanes, due to their water repelling? properties, have received attention (Bonaccorsi et al, 2016) . According to Materne et al (2012) , the organosilane compounds have four main applications, but in terms of chemical stabilization of soils they are only interesting as a hydrophobic agent. Organosilanes, with organic groups in their chains, transfer their hydrophobic properties to inorganic surfaces: for soils this means that they can generate a layer that repels water.
The characteristics of the solution used are shown in Table 2 . 
Chemical Type Hydroxialquil-alcoxi-alquilosililos compounds 65-70%. Components
Benzyl alcohol (CAS #100-51-6) 25-27% Ethylene glycol (CAS #107-21-1) 3-5% Solubility Water soluble
The organosilane is a non-toxic agent, which reacts only with the soil and should it be leached and has contact with water, the mean life would be between 1 and 3 days, without altering the water or its properties. For this research, the dosage used was of 1 litre of organosilane per cubic metre of soil (1 l/m 3 ).
Laterite
For this research, the extracted material of the municipality of Puerto Carreño in Vichada, Colombia was used, as a part of the DROMOS project with the participation of the CEIBA institute and the government of Vichada. The samples were collected from the 4014 road in the Venturosa region. The local climatic conditions assist with the weathering of the sediments and form unique soils. These local soils have a high degree of weathering, acid pH, low organic matter content, are saturated with aluminium and iron oxides and hydroxides and have a low capacity to retain cations. (Gutiérrez Gómez, 2015) .
Basic chemical characterization
Scanning electron microscopy and X-Ray Energy Dispersive Spectrometry tests were carried out and Figure 1 and Figure 2 show the respective results. In Figure 1 the main minerals are identified. Gómez identifies three zones on the image; the A zone, where iron oxides and hydroxides agglomerating clays (kaolin, illite and gibbsite) can be seen; the B zone, where there is presence of a quartz grain; the C zone, where there are iron oxides and titanium oxides (ilmenite) represented by bright spots (Gutiérrez Gómez, 2015) . (Gómez Gutiérrez, 2015) Figure 2 shows the proportion of the minerals present on the samples. As in other laterites it is common to find high amounts of iron (Fe), due to the weathering process and the alteration of the original rock composition to lateritic materials (Otálvaro et al, 2015) . Furthermore, silicon (Si), potassium (K), aluminium (Al) and oxygen (O) are also found in the sample, mostly in the form of clay minerals.
Basic intrinsic characterization
Due to the complex formation process, the laterite has a heterogeneous gradation that can change for each site and depth of exploration where it was extracted. According to the general specifications for road construction in Colombia, of the National Road Institute (INVIAS), the selected gradation is between the required value for a fine granular base type BG-38 and a BG-25 as shown in Figure 3 . The selected gradation for the study is continuous, with a maximum particle diameter of 19 mm and a fines percentage of 26%.
The properties of the laterite natural soil (RP1) are shown in Table 3 . The different tests were done following the industry procedures and standards, as the official Colombian test norms for every case. 
Experimental campaign
After the basic intrinsic characterization of the material, the mechanical and hydric properties of the natural (RP1) and stabilized soil (RP1OS) were studied by the following tests: compaction tests, CBR (California Bearing Ratio), constant head permeability and soil water characteristic curves. Table 4 shows the number of specimens tested. The samples were prepared according to the current norm, taking time to homogenise and condition the moisture. The mixture of the natural soil with organosilane (RP1OS) was done according to the compound application protocols on the product data sheet, ensuring proper behaviour of the stabilizing process.
Curing conditions
The stabilized mixture with 1l/m 3 of organosilane requires a curing process to guarantee the chemical reaction between the soil and the additive, thus it is necessary that the samples are dried completely before any analysis is done; this situation was verified by daily measurement of the weight of the sample until there were no more changes. The CBR laboratory prepared samples were waterproofed on the surface, over the top and bottom layer, using a dosage of 1 part of organosilane for every 300 parts of water as recommended for the application procedure. Afterwards the samples were tested.
Results and discussion
Compaction
To evaluate the optimal moisture and the maximum dry density of the natural and stabilized soil, conventional compaction tests were done, according to the test methodology of the Proctor modified compaction test . Figure 4 shows the compaction curves for the natural soil (RP1) and soil treated with 1l/m 3 of organosilane (RP1OS). 
Δγd Δw
From the curve it is important to highlight that the Δγd is of 11.3 kg/m 3 , thus the maximum dry density was higher for the RP1. Nevertheless, with the organosilane stabilization (RP1OS) the permeability conditions are expected to improve, but improvements of strength are not necessarily going to occur. For the RP1OS sample, the optimum moisture content decreases by 2.65% (Δw), a condition that is considered advantageous due to the reduction in quantity of water required to obtain the maximum dry density. This represents a profitable condition for regions where water is not easily available. Furthermore, this reduction indicates that the treatment has worked by waterproofing the samples and helping the compaction process.
CBR
To evaluate the effect on mechanical strength of the RP1 and RP1OS, the unsoaked and soaked CBR was determined. The compaction energy was of 2700 kN-m/m 3 for each blow, per layer, according to the C method stablished by the INV-E 148. The volume change of the samples after four days soaking was measured, where variations lower than 0.001% were found. This condition is favourable from the road infrastructure point of view, considering that the addition of organosilane did not have an impact on the volume change behaviour of the material. Figure 5 shows the unsoaked CBR results. Except for the case with compaction energy of 10 blows where a decrease in the value was seen, the RP1OS material always had higher values for the CBR compared with the natural soil RP1. The reported reading for the 10 blows compaction energy is not congruent with the tests with two higher compaction energies, which can be due to a compaction problem related to the number of blows and the diameter of the mould. It was expected that the stabiliser would give better results for the specified condition. For the soaked condition, the waterproofing action of the compound is much clearer. In Figure 6 the results obtained after four days of soaking can be seen. For the three compaction energies, the stabilized soil RP1OS showed higher values of CBR, in comparison with the natural soil RP1. The best improvement was found for the 25 blows compaction energy, where an enhancement of 533% was achieved. Considering the climatic conditions and the poor maintenance of the roads in the region, it was essential to determine the behaviour of the material under soaked conditions. Furthermore, during the research the CBR value was always higher for a greater compaction energy, this ratifies the need for proper compaction that exploits the mechanical capacity of the materials.
Permeability
Given that the most important property of the organosilane is related to its hydrophobic properties, it directly affects the moisture conditions of the material. The constant head permeability test was done to the RP1OS samples, to determine if there is a difference between the stabilized soil and the natural soil (RP1). Three stabilized soil samples were prepared with 1 l/m 3 , as shown in Figure 7 . During the assembly and saturation process it was found that certain parts of the sample did not soak, as seen in Figure 8 and as sketched in Figure 9 . This behaviour can be explained by the good adhesion of the compound to the fine particles of the natural soil. Some soil particles repel the water and stay dry during the whole test. Because of this, and to guarantee the conditions of total saturation, the permeability measurements were taken after 5 days of water soaking. Three measurements were taken for each sample, to calculate the permeability coefficient (k). On the RP1OS sample, the mean value of k was 3.13 x 10 -5 m/s. To be able to analyse the waterproofing effect of the compound compared with the natural soil, the results obtained during the DROMOS -CEIBA project for the RP1 soil were used. The permeability coefficient of the natural laterite soil, RP1, was 5.31 x 10 -5 m/s (Bernal & Caicedo, 2015) . Therefore, there is a reduction of 41% in k with the addition of organosilane. This condition is favourable, especially in the region studied where the rainy season usually affects the maintenance and road rehabilitation works on routes constructed with laterite aggregates. Figure 10 presents some values of k reported by Zhou et al (2014) , for sands with different percentages of silt and clay. The values of k for RP1 and RP1OS are included on the figure for comparison. The samples with good gradations between sands and fine aggregates have low permeability coefficients, which is normal for traditional materials, whereas materials with low void ratios have more resistance to water flow through the soil. The highest permeability coefficient was found for the Berlin coarse sand (2), whose fine percentage is lower than 1%. For the RP1 and RP1OS the gradation was the same, however, the permeability coefficients differ, as explained previously. It can be seen that treatment of the material with the organosilane decreases the permeability of the sample, achieving values close to those of a well-graded sand, such as the Berlin medium sand (3). 
Soil water characteristic curves
To understand the interaction between water and soil, the soil water characteristic curves for natural soil (RP1) and stabilized soil (RP1OS) were determined ( Figure 11 ). The soil water characteristic curves were identified with the dew-point potentiometer, WP4, as a part of the experimental campaign of the DROMOS -CEIBA project. The soil suction values show differences between the natural soil and the organosilane stabilized soil (Jerez et al, 2015) .
The stabilized soil presents higher suction values for all analysed moistures: this behaviour always guarantees a higher apparent cohesion of the RP1OS. In Figure 11 , three zones are clear. In zone (1) the suction improvements are constant, but lower in zones (2) and (3). For zone (2), which includes the optimum moisture content, the suction values after the addition of organosilane (RP1OS) increase by about 100kPa on average, compared with sample RP1. In zone (3) the highest increase on the suction is found for moistures between 2% and 4% where the improvements are between 500kPa and 800kPa. This situation is favourable during the summer season, when the maximum mean temperature reaches 34°C. Nevertheless, zones (1) and (3) are not viable in terms of manageability for the construction of road infrastructure, because the material is either too wet or too dry, which impedes a proper compaction process. 
Conclusions
-The decrease on the optimum moisture content between the natural soil and the stabilized soil with 1 l/m 3 of organosilane suggests that the material reaches its best compaction characteristics with lower quantities of water, which is positive in terms of waterproofing.
-From the soaked CBR values of the treated soil, it can be seen that the organosilane waterproofs the lateritic soil. -Comparing the soaked CBR values for the natural soil and the soil treated with organosilane, the treated samples always gave higher CBR results. This indicates that there was an effcetive interaction between the soil and the added chemical, which maintains its unsoaked properties after immersion in water. -During immersion, following the Colombian normativity, the expansion was measured.
None of the samples underwent expansion or contraction due to the entry of water. -This research supported some hypotheses about laterite material and its reaction to water, which is favourable for its use in the Vichada region in Colombia. Nevertheless, the study of its properties and its use with chemical stabilizers such as organosilane in road pavements requires further research, where other conditions that complement this investigation could be investigated.
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